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Microbial adaptation to environmental conditions is a complex process, including acquisition of positive traits through horizon-
tal gene transfer or the modification of existing genes through duplication and/or mutation. In this study, we examined the ad-
aptation of a Pseudomonas fluorescens isolate (R124) from the nutrient-limited mineral environment of a silica cave in compari-
son with P. fluorescens isolates from surface soil and the rhizosphere. Examination of metal homeostasis gene pathways
demonstrated a high degree of conservation, suggesting that such systems remain functionally similar across chemical environ-
ments. The examination of genomic islands unique to our strain revealed the presence of genes involved in carbohydrate metab-
olism, aromatic carbon metabolism, and carbon turnover, confirmed through phenotypic assays, suggesting the acquisition of
potentially novel mechanisms for energy metabolism in this strain. We also identified a twitching motility phenotype active at
low-nutrient concentrations that may allow alternative exploratory mechanisms for this organism in a geochemical environ-
ment. Two sets of candidate twitching motility genes are present within the genome, one on the chromosome and one on a plas-
mid; however, a plasmid knockout identified the functional gene as being present on the chromosome. This work highlights the
plasticity of the Pseudomonas genome, allowing the acquisition of novel nutrient-scavenging pathways across diverse geochemi-
cal environments while maintaining a core of functional stress response genes.

Genomics has revolutionized the way we study microorgan-
isms in the environment; in the postgenomic era, it is possible

to describe the enzymatic pathway corresponding to metabolic
pathways that are only hypothesized (1) or to predict the environ-
mental function of uncultivated bacterial phyla based on single-
cell isolation and genomic amplification (2, 3). The result has been
a profound change in our understanding of microbial interactions
and processes; however, not all environments have benefited from
this revolution. At the intersection of microbiology and geology,
comparative genomics has yet to examine how the interaction
between microbes and minerals leads to genomic adaptation (4).
As a result, numerous fundamental questions remain to be an-
swered, such as what is the role of microorganisms in mineral
precipitation and weathering (5, 6).

In this study we examined the genome of an organism isolated
from a predominantly mineral environment, using a cave-isolated
Pseudomonas strain as a model. Due to their ubiquitous distribu-
tion in terrestrial environments and association with opportunis-
tic infections, pseudomonads have been studied for many years,
and a large number of representative genomes exist: 37 completed
projects within the genus Pseudomonas. Among the hundreds of
bacterial species we have isolated from cave environments, we
decided to examine the genomic adaptations of Pseudomonas fluo-
rescens to this mineral environment. P. fluorescens is an advanta-
geous organism for such studies, as we have isolated representa-
tives from numerous cave environments, across a broad
geographical range and under diverse geochemical conditions,
arguing for the ubiquitous nature of this species in caves. There are
also five reference genomes in the P. fluorescens subgroup that
allow comparative analyses. In this study, we compared the ge-
nome of P. fluorescens R124 against the genomes of P. fluorescens
Pf0-1 and SBW25, P. protegens Pf-5, and P. aeruginosa PAO1 (7, 8,
9, 10). These previously sequenced isolates were collected from a
loamy agricultural soil (11), a cotton plant rhizosphere (12), the

leaf of a sugar beet plant (13), and an infected wound (14), respec-
tively.

Our assembled and annotated sequence data suggest that de-
spite remarkable differences in local environment, the P. fluore-
scens R124 genome demonstrates close similarity with the ge-
nomes of its plant and soil relatives, although horizontal gene
transfer has led to the accumulation of metabolic genes and a
novel plasmid. By comparing its phenotypic characteristics with
those of P. fluorescens Pf0-1 and SBW25, we also found that R124
has acquired numerous metabolic pathways for nutrient scaveng-
ing, as well as expressing a twitching-motility phenotype that may
aid it in the exploration of a two-dimensional mineral space. This
study describes only the second genome of a cave microorganism
(15), and the first where genomic adaptations have a demon-
strated phenotype.

MATERIALS AND METHODS
Strain isolation and growth conditions. P. fluorescens R124 was isolated
from a tepui orthoquartzite sandstone cave in the Guiana Shield in South
America. The isolation medium was nutrient agar containing 25 mg/liter
of chemically extracted humic acids from potting soil (16). The organism
was collected from the ceiling of the cave �500 m from the entrance and
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�25 m below the surface. The temperature of the sample site was 11.4°C,
with a relative humidity of 99.6%. The chemistry of the rock was deter-
mined to be 96% Si (in the form of SiO2), 3% Al, 0.12% Fe(III), and 0.04%
P via X-ray fluorescence using a Bruker S4 Pioneer X-ray spectrophotom-
eter. Various other metals (Cu, Mn, Ni, Co, etc.) were detected in trace
amounts (1 to 20 ppm). Ammonia and nitrite were also detected.

The orthoquartzite nature of the cave limits surface-derived organic
carbon and energy sources percolating into the cave system; however, an
intermittent stream from the surface allows the periodic introduction of
plant detritus in the form of soluble organic matter (SOM; 40 mg/liter).
The P. fluorescens strain was single-colony isolated and maintained in
tryptic soy broth/glycerol stock mixtures (4:1) at �80°C. To ensure that
no contaminating species were introduced during DNA isolation, the
strain was grown on a 50% tryptic soy agar plate for 48 h at 37°C before
being scraped from the plate for DNA isolation. The organism identity
was confirmed by sequencing the small ribosomal subunit 16S gene using
the 8f and 1391R primers (17).

To measure metal homeostasis, we grew each strain in a minimal me-
dium supplemented with the test metal. As M9 minimal medium contains
phosphate which forms a metal-phosphate precipitate in the presence of
divalent metal cations, we used a 4-(2-hydroxyethyl)-piperazine-1-
ethanesulfonic acid (HEPES)-buffered medium that supported the
growth of all strains tested. This medium contained 50 M HEPES (pH
7.0), 5% (wt/wt) tryptic soy broth, 0.5% NaCl, 1 mM MgCl2, and 0.3%
glucose. The metals tested (Fe, Cu, Ni, and Zn) were supplemented from
100 mM stocks of FeSO4, FeCl3, CuCl2, CdCl2, NiCl2, and ZnSO4. Cul-
tures were inoculated to an optical density at 600 nm (OD600) of 0.020
from an overnight culture grown in the base minimal medium. All cul-
tures were grown at room temperature (20°C) with shaking at 200 rpm for
12 h. Optical density (OD600) was monitored using a Hach DR 2800
spectrophotometer (Hach Company, Loveland, CO).

Sequencing, annotation and assembly. The P. fluorescens R124 ge-
nome was sequenced using a Roche GS Titanium at the University of
Kentucky Advanced Genetic Technologies Centre (www.uky.edu/Centers
/AGTC/). The DNA was sequenced as a mixture of shotgun and 2-kb
paired-read fragments to provide both uniform genome coverage and
paired-read assembly (18). Sequencing reads were assembled using the
Roche De Novo genome assembler (Newbler). The assembled contigs and
scaffolds were annotated using the Integrated Microbial Genomes (IMG)
resource (19).

The assembled contigs and scaffolds were aligned to the P. fluorescens
Pf0-1 genome (9) using Nucmer (20). The strain P. fluorescens Pf0-1 was
used as a reference, since it was the most phylogenetically similar strain at
the time of assembly (see Fig. 1). Pairwise comparison of P. fluorescens
R124 scaffolds with other available genomes also confirmed P. fluorescens
Pf0-1 as the most similar in genome sequence (see Fig. 3).

The P. fluorescens R124 draft genome sequence was generated from the
reference alignment using the Genomer software (21, 22), and the origin
of replication was estimated from sequence identity to P. fluorescens Pf0-1.

Estimation of Pseudomonas phylogeny. Mulet et al. (23) used the
partial sequences of three protein-coding genes, gyrB, rpoB, and rpoD,
along with the 16S rRNA gene to generate a phylogenetic tree. To deter-
mine the phylogenetic location of P. fluorescens R124 we used these three
full-length protein sequences from available Pseudomonas genomes to
build a protein sequence alignment. Each protein sequence was aligned
separately with MAFFT (24, 25), and then the sequences were concate-
nated to build a larger alignment, which was filtered using Gblocks (26).
The phylogenetic tree was estimated using PhyloBayes (27) and a general
time-reversible model (28) with 8 Markov chain Monte Carlo (MCMC)
chains until a steady-state distribution was reached. The initial burn-in
was discarded from each MCMC chain, and a consensus tree was built
from the remaining trace.

Plasmid curing. The pMP-R124 plasmid was cured as described by
Chin et al. (29). Briefly, P. fluorescens R124 was grown in subinhibitory
levels of ethidium bromide (100 �g/ml) for 24 h at 37°C. Surviving cells

were then plated on brain heart infusion (BHI) medium, whereupon col-
onies were picked and screened for the loss of the plasmid via PCR using
two sets of primers unique to the plasmid. These primer sets were 5=-CA
CTGGTGGAACGCCAGAGCC-3= (forward) and 5=-CGATCCTTAACC
GACACCCGG-3= (reverse) (located at 41657 to 41899) and 5=-CGGCG
CGATCGGCCCTCT-3= (forward) and 5=-CGAGGCCGCCGGCTTCG
C-3= (reverse) (located at 41838 to 41155).

Identification of horizontally gene transfer regions. Potential hori-
zontal gene transfer (HGT) regions in the P. fluorescens genome were
identified using the OligoWords tool to detect differences in local versus
global tetranucleotide variance (30, 31). A generalized extreme value dis-
tribution was used to select the HGT regions with a variance in tetranucle-
otide usage with a probability of 0.05 or less. The extreme value distribu-
tion was modeled using the R statistical programming language (32).
These candidate regions were filtered to select for those containing less
than three genes or which sequence similarity indicated were not present
in any other sequenced Pseudomonas genomes. This identified HGT re-
gions unique to P. fluorescens in the Pseudomonas genus and thereby genes
likely unique to the environment.

Processing of Biolog growth data. Metabolic phenotype assays were
carried out using the phenotype microarray (PM) system (Biolog, Hay-
ward, CA) as previously described for plates PM1 to PM4 (33). Growth
was carried out in M9 minimal medium with 25 mM sodium pyruvate as
a carbon source and the addition of 0.005% (vol/vol) tryptic soy agar
(TSA) broth to the medium (this low concentration of TSA does not affect
the C/N/P/S assays of the Biolog System [B. Bochner, personal commu-
nication]). For the various C/N/P/S PM plates, each of the carbon, nitro-
gen, phosphorus, and sulfur sources was omitted from the M9 medium as
appropriate. The plates were incubated for 4 days at room temperature.
Metabolic activity was measured by absorbance at 590 nm minus the
background absorbance at 750 nm. The empty control well value (well
A1) was then subtracted from the value for the other wells in the same
plate.

Twitching motility assays. Twitching motility assays of P. fluorescens
strains R124, Pf0-1, and SBW25, and P. aeruginosa PAO1 were performed
using methods previously described (34, 35), testing several different me-
dia to induce twitching, including 1% and 50% LB (nutrient limitation
and salt), 1% BHI (nutrient limitation), and 1% King’s B (iron limitation)
media (36). The agar concentrations for each medium were, respectively,
1.5%, 1.5%, and 2%. Media were obtained from Becton, Dickinson Com-
pany. Single colonies were stab inoculated to the bottoms of agar plates
using a sterile toothpick and grown for up to 120 h. Zones of twitching
motility were observed by removing agar and staining the plates with 1%
crystal violet for 10 to 15 min.

Nucleotide sequence accession number. The annotated genome se-
quence of P. fluorescens R124 was deposited in GenBank under accession
number CM001561.

RESULTS
Sequencing and assembly. Assembly of the P. fluorescens R124
Roche/454 sequencing reads resulted in eight major scaffolds and
a number of unscaffolded contigs with an average assembled
depth of 24 reads. Seven of the eight scaffold sequences aligned to
the P. fluorescens Pf0-1 reference genome. Two assembled se-
quences aligned to the reference genome in five distinct locations,
indicating that they represent likely repeat regions that have been
artificially collapsed into single contigs by the assembly process.
Sequence similarity searches using BLAST suggested these repeat
regions contained rRNA genes. PCR and additional in silico align-
ment of sequencing reads generated 42 additional sequences to
join contigs or extend the length on assembled contigs. The final
length of the draft genome was �6.3 Mbp with 99.5% estimated
ungapped coverage. The genome assembly is summarized in Ta-
ble S1, and minimum information about a genome sequence
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(MIGS) is provided in Table S2 in the supplemental material (37).
One 43-kbp scaffold sequence did not align with P. fluorescens
Pf0-1 but instead aligned with two Pseudomonas syringae plas-
mids: 1448A-small (38) and ES4326 pPMA4326A (39). PCR
primers generated to amplify outward from each end of the contig
generated a PCR product with sequences overlapping the 5= and 3=
ends of the contig, indicating that this sequence is closed and
represents a complete plasmid.

Comparison with other Pseudomonas genomes. A phyloge-
netic tree was estimated for P. fluorescens R124 using a multilocus
alignment of three protein sequences. The tree for the immediate
P. fluorescens phylogeny is shown in Fig. 1. The full estimated
phylogeny for all included Pseudomonas strains is shown in Fig. S3
in the supplemental material. These estimated phylogenies indi-
cate that P. fluorescens R124 is grouped with the other P. fluore-
scens strains with moderate bootstrap support (62% at the branch
point). We therefore classify R124 as a P. fluorescens strain, al-
though further expansion of the pseudomonad phylogeny may
demonstrate that both strains R124 and Pf0-1 may branch as a
new species within the genus.

Our initial hypothesis is that the nutrient limitation of a cave
environment would lead to genome streamlining (minimizing the
nutrient and energy investment in genome replication). We there-
fore compared the length and gene density of genes in the P. fluo-
rescens R124 genome with those in other sequenced P. fluorescens
strains and representative pseudomonads. The results (Fig. 2)
demonstrate that P. fluorescens R124 is not the smallest represen-
tative genome for P. fluorescens, with numerous other smaller
Pseudomonas genomes observed. The median number of genes
per kilobase was calculated for these Pseudomonas genomes, ex-
cluding R124. The median gene density, 0.906 gene/kb (Fig. 2,
dashed line), was greater than that of R124 (0.841 gene/kb), sug-
gesting a reduced gene density in R124.

To examine genome conservation between the P. fluorescens
Pf0-1 and SBW25, P. protegens Pf-5, and P. fluorescens R124
genomes, the four genome sequences were aligned. P. protegens
Pf-5 was included in this comparative analysis, as at the time of
assembly it was still classified within the P. fluorescens group
(8). The results of this analysis are shown in Fig. 3 and demon-
strate the regions of similarity between P. fluorescens R124 and
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P.
 fl

uo
re

sc
en

s 
R

12
4

P.
 flu

or
es

ce
ns

 P
f0

-1

P. flu
orescens Q2-87

P. fluorescens F113

P. fluorescens Q8r1-96

P. 
flu

ore
sc

en
s S

S10
1

P.
 fl

uo
re

sc
en

s 
A5

06

P. fluorescens W
H

6

P. fluorescens SBW
25

P. synxantha BG33R

P. chlororaphis 06P. chlororaphis subsp. aureofaciens 30-84

0.92 0.93

0.77

0.71

0.63

0.94

0.98

0.98

0.97

0.98

FIG 1 Unrooted phylogeny for the sequenced P. fluorescens strains and related species. The phylogeny was estimated from the concatenated alignment of three
protein sequences: GyrB, RpoB, and RpoD. Bootstrapped support values are shown on each node.

P. fluorescens Adaptation to Mineral Environment

November 2013 Volume 195 Number 21 jb.asm.org 4795

http://jb.asm.org


the three reference genomes. Figure 3A demonstrates a linear
relationship between P. fluorescens R124 and the reference ge-
nomes in the regions of 0 to 2 Mbp and 4 to 6 Mbp, indicating
a large amount of sequence conservation and suggesting that

the genomic regions around the origin of replication in P. fluo-
rescens R124 share synteny with the other P. fluorescens ge-
nomes. Despite this similarity, our results indicate a large re-
gion of genomic rearrangement and low sequence similarity
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around the 2- to 4-Mbp region (Fig. 3). This is highlighted by
the lack of a linear relationship between the two axes in Fig. 3A
and a low degree of conservation density (Fig. 3B). This sug-
gests that the P. fluorescens genome may be more plastic in the
regions furthest from the origin of replication.

The number of protein-encoding gene families shared between
P. fluorescens R124 and the other three genomes was estimated
using sequence alignment. The numbers of shared genes between
P. fluorescens R124 and each of the other genomes are as follows: P.
fluorescens Pf0-1, 2,893 (50.6%); P. protegens Pf-5, 2,709 (44.4%);
P. fluorescens SBW25, 2,615 (44.2%). The total estimated number
of gene families shared between all four compared genomes is
2,385. These results correspond to previous analysis showing that
P. fluorescens and related species have diverse genomes (9).

Horizontal gene transfer. In order to identify potential re-
gions of horizontal gene transfer (HGT) in the P. fluorescens R124
genome, we examined variance in tetranucleotide (4-mer) usage
(30, 31). This approach detected 26 possible HGT regions, nine of
which contained genes demonstrating no sequence similarity to
other genes within the pseudomonads. (The analysis of these re-
gions is summarized in Table S4 in the supplemental material.)
Many of the predicted horizontal gene transfer regions contained
genes with either no match or very low sequence similarity to
genes identified using protein BLAST searches, and the functions
of these genes therefore remain unknown. Nonetheless, three can-
didate HGT regions (regions 3, 6, and 7; see Table S4) contained
genes that demonstrated sequence similarity to genes involved in
carbohydrate and energy metabolism. These included genes for
four glycosyltransferases, a triose-phosphate isomerase, a phos-
phoketolase, a fructose-bisphosphate aldolase, and an acetyl co-
enzyme A (acetyl-CoA) synthetase. Given that these genes are lo-
cated in HGT regions originating outside the Pseudomonas genus,
this highlights the possible selection pressures for additional cat-
abolic pathways involved in energy metabolism in this environ-
ment.

We attempted to determine whether these regions of horizon-
tal gene transfer gave P. fluorescens R124 the increased metabolic
flexibility necessary to grow within a nutrient-limited cave envi-
ronment. To do this, we compared the growth of R124 with its
soil-isolated relatives using the comparative Biolog phenotypic
microarray assay system (40). While we were able to successfully
grow P. fluorescens SBW25 and Pf0-1, and P. aeruginosa PAO1 in
the provided If-0a GN/GP base inoculating fluid, P. fluorescens
R124 would not grow in this basal medium. We therefore used M9
minimal medium for growth, which is compatible with the Biolog
system. Growth was analyzed in plates PM1 to PM4, which com-
pare growth of P. fluorescens R124, SBW25, and Pf0-1 against that
of P. aeruginosa PAO1, used as a control, in various carbon, nitro-
gen, phosphorus, and sulfur sources. The results demonstrated
the growth of R124 in a number of carbon, nitrogen, phosphorus,
and sulfur sources that could not be readily utilized by the other
strains and species (Table 1). Of the 50 nutrient sources uniquely
used by R124, many appear to be produced from the breakdown
of biogenic polymers, sugars, carboxylic acids, and precursor mol-
ecules associated with microbial metabolism, including glucosa-
mine, octopamine, mannitol, acetoacetic acid, galacturonic acid,
malonic acid, hydroxylamine, allantoin, lanthionine, and lipoam-
ide (Table 1). P. fluorescens R124 has also acquired the ability to
grow on more obscure carbon sources, such as tyramine (an aro-
matic amine derived from tyrosine), �-D-allose (a rare epimer of

glucose), arbutin (a glycosylated hydroquinone), and D-psicose (a
rare carbohydrate derived from an antibiotic). Of particular note
is the observation that several nucleosides/nucleotides (gua-
nine, thymine, thymidine, and uracil) and nucleotide precur-
sors (ribose, carbamyl phosphate, cystathionine, and allantoin)
can serve as carbon and nitrogen sources, which could suggest
pathways for the catabolism of nucleotides and polynucle-
otides (Table 1).

Metal homeostasis and nitrogen metabolism. Given the geo-
chemically complex environment found within caves, we consid-
ered the possibility that these conditions led to increased adapta-
tion in metal homeostasis in P. fluorescens R124. We therefore
attempted to identify any homologs or missing or novel genes
within metal-scavenging pathways of the P. fluorescens R124 ge-
nome in relation to comparable P. fluorescens strains. Moon et al.
(41) identified 29 genes involved in siderophore production
within P. fluorescens SBW25, Ravel and Cornelis (42) identified 30
genes in P. fluorescens Pf0-1, and Hartney et al. described 45 genes
in P. protegens (43); we used these genes to comparatively search P.
fluorescens R124 for the corresponding pathways. Comparison of
the co-occurrence and sequence similarity of siderophore genes
across the four genomes identified seven likely gene sets (see Table
S5 and Fig. S6 in the supplemental material). The only group of
siderophore genes in P. fluorescens R124 exhibiting divergence was
a cluster of genes (I1A_001810, I1A_001811, I1A_001812,
I1A_001813, I1A_001814, and I1A_001815) associated with non-
ribosomal peptide synthases (NRPS) (see Fig. S6 and Table S7 in
the supplemental material). These genes showed a lower sequence
identity (�40% to 50%) to the corresponding ortholog in the
other P. fluorescens genomes than to other iron homeostasis genes
(�73%) and appear to encode a lipopeptide, rather than a sidero-
phore, structure.

The copper, nickel, zinc, cobalt, and cadmium metal homeo-
stasis systems previously observed in Pseudomonas species (44–
47) were also compared. (Table S7 in the supplemental material
summarizes the sequence analysis of the P. fluorescens orthologs in
these pathways.) The results of these analyses demonstrate that the
genes in these metal uptake systems are conserved across the four
P. fluorescens genomes, regardless of the environment from which
the organism was isolated. In order to test whether this was rep-
resented in the phenotype, we examined the metal tolerance of P.
fluorescens R124, Pf0-1, and SBW25 and P. aeruginosa PAO1
grown in liquid culture (Fig. 4). The data demonstrate similar
levels of resistance to metal toxicity by P. fluorescens R124 to the
other pseudomonads. If any difference can be discerned, it is that
the environmental isolates (P. fluorescens R124, Pf0-1, and
SBW25) demonstrate slightly higher levels of metal resistance
than the clinical strain (P. aeruginosa PAO1).

Another potential stressor in cave environments is nitrogen
limitation, which can influence community structure in subsur-
face environments (48), although both NH4

� and NO3
� were

detected in trace levels at the site of P. fluorescens R124 collection.
Pseudomonads contain a number of different pathways for nitro-
gen utilization and are known for their denitrification capabilities,
although the genes for nitrogen fixation (Pseudomonas stutzeri nif
[49]) and nitrification (Pseudomonas putida [50]) are less com-
mon. Using BLAST, we examined the P. fluorescens R124 genome
for genes involved in nitrogen metabolism; however, no gain of
function was observed beyond the capabilities observed for P.
fluorescens SBW25 and Pf0-1 (data not shown).
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The P. fluorescens pMP-R124 plasmid. During the assembly
of the P. fluorescens R124 genome, we identified a scaffold se-
quence that did not produce any alignments of significant length
to the reference genomes. In order to determine if this scaffold was
a potential plasmid, we developed PCR primers that amplified
outward from the 5= and 3= ends of the sequence. Upon amplifi-

cation, these primers produced a PCR product, indicating that
this molecule was a circular plasmid, which we designated pMP-
R124. The plasmid sequence is 43 kbp in length, comprising 51
genes. Figure 5 highlights the regions of pMP-R124 with sequence
similarity to other Pseudomonas plasmids and genomes. This fig-
ure highlights what appears to be two distinct regions of different

TABLE 1 Comparison of growth of P. fluorescens R124 with that of other pseudomonads using the Biolog phenotypic array

Chemical Nutrient type

Growth of Pseudomonas straina

PAO1 Pf0-1 SBW25 R124

L-Arabinose C source �0.563 0.189 1.76 1.18
D-Saccharic acid C source �0.00941 �0.329 �0.747 0.189
D-Gluconic acid C source �0.071 �0.0308 �0.562 0.344
D-Mannitol C source �0.379 �1.28 �1.55 0.11
D-Galacturonic acid �-lactone C source �0.0335 0.223 0.213 0.475
D-Ribose C source �0.48 �0.4 0.609 3.15
D-Melibiose C source 1.68 1.36 1.33 2.6
Maltotriose C source, carbohydrate �0.274 �0.84 �0.0948 0.0115
Acetoacetic acid C source, carboxylic acid �0.29 0.727 �0.151 1
Tyramine C source, amine �1.26 �1.15 �1.04 0.00217
D-Psicose C source, carbohydrate 0.0227 �0.439 �0.978 0.133
D-Galacturonic acid C source, carboxylic acid 0.301 0.241 0.601 0.896
N-Acetyl-neuramic acid C source, carboxylic acid �0.378 �0.478 �0.271 0.171
�-D-Allose C source, carbohydrate 0.548 �0.153 0.744 0.97
L-Arabitol C source, carbohydrate �0.0865 �0.382 0.0834 0.125
Arbutin C source, carbohydrate �0.4 �0.239 �0.376 0.12
D-Lactitol C source, carbohydrate �0.0371 �0.253 �0.401 0.211
D-Glucosamine C source, carbohydrate �0.0519 0.471 0.878 1.42
Malonic acid C source, carboxylic acid 0.0962 �0.423 �0.229 0.174
Quinic acid C source, carboxylic acid 0.104 �0.282 �0.0444 0.233
N-Acetyl-L-glutamic acid C source, amino acid �0.0569 �0.355 �0.388 0.0138
Hydroxy-L-proline C source, amino acid �0.378 0.0307 0.165 0.24
DL-Octopamine C source, amino acid �0.375 �0.248 �1.41 0.0384
Glycine N source, amino acid �0.118 1.16 0.28 1.62
L-Lysine N source, amino acid �0.0643 �0.86 0.317 1.13
L-Serine N source, amino acid 0.498 �0.781 �0.244 0.845
L-Threonine N source, amino acid �0.084 �1.13 0.418 1.34
Hydroxylamine N source, amino acid �0.466 0.11 �0.418 1.51
N-Amylamine N source �0.687 0.327 �0.245 0.957
N-Butylamine N source �0.608 �0.355 �0.338 1.13
Ethylamine N source �0.549 0.0196 �0.0643 0.651
Acetamide N source �0.578 �0.365 �0.446 0.881
Formamide N source �0.427 0.0363 �0.722 0.752
DL-Lactamide N source 0.221 �0.0839 �0.226 0.711
D-Glucosamine N source 0.14 1.06 0.716 1.53
D-Mannosamine N source 0.441 0.856 0.798 1.97
Guanine N source �0.217 1.54 1.57 2.12
Thymine N source �0.641 0.287 0.0135 1.04
Thymidine N source �0.225 0.498 0.464 1.17
Uracil N source �0.415 0.288 0.257 0.47
Allantoin N source 0.344 0.576 �0.612 0.93
Parabanic acid N source �0.23 0.525 0.16 1.08
Carbamyl phosphate P source, organic 1.99 2.56 3.26 4.24
Thiophosphate P source, inorganic 0.077 0.634 �0.594 0.867
S-Methyl-L-cysteine S source, organic 0.209 0.57 �0.758 1.64
Cystathionine S source, organic 0.0973 1.88 �0.565 2.2
Lanthionine S source, organic �0.0395 1.59 �0.643 1.8
DL-Ethionine S source, organic �0.0742 0.0417 �1 2.4
L-Methionine S source, organic 0.0604 0.978 �0.659 1.83
Gly-Met S source, organic 0.154 0.628 �0.684 3.03
N-Acetyl-DL-Methionine S source, organic �0.109 0.741 �0.659 2.11
DL-Lipoamide S source, organic �0.319 �0.168 �0.854 1.13
a Values were calculated as the standard deviation from the plate growth mean (OD590 � OD750) as described in Materials and Methods.
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origins within the plasmid: the largest region shares sequence sim-
ilarity with several P. syringae plasmids (Fig. 5, blue tracks), while
the second region shows similarity (mean � 40.5%) with the P.
aeruginosa PA07 and P. protegens genomes (magenta track). The
region within pMP-R124 demonstrating similarity to a P. syringae
plasmid encodes a bacteriocin immunity protein and a virB type
IV secretion operon (T4S) used by Gram-negative bacteria during
conjugation (51). Sequence analysis of these genes using BLAST
showed that these T4S proteins share �55% amino acid identity
with the P. syringae pv. maculicola plasmid ES4326A (39) and
�59% with the P. syringae pv. phaseolicola small plasmid 1448A
(38) (see Table S8 in the supplemental material). The second
smaller region within the plasmid shows limited sequence identity
to regions in the P. aeruginosa PA07 (52) and P. protegens ge-
nomes. This region contains the genes pilL to pilV from the type 4b
pilin system (T4Pb) (53). This system is similar to the previously
described of R64 plasmid system involved in liquid and surface
mating (54, 55) and the pilin genes found in the PAPI-1 self-
transmission genome island in many Pseudomonas genomes (56,
57). These genes show, on average, more than 55% divergence
from the corresponding orthologs in P. aeruginosa PA07 and P.
protegens Pf-5 genomes (see Table S8 in the supplemental mate-
rial).

Determining twitching motility genotype. Given the pres-
ence of the T4P genes, we decided to test P. fluorescens R124 for a
twitching motility phenotype. We used a twitching motility (TM)
assay (34) to test P. fluorescens R124, Pf0-1, and SBW25 against P.
aeruginosa PAO1 as a positive control (53, 58). In our initial assays
using the standard BHI medium for Pseudomonas twitching mo-

tility, we did not observe any phenotype for P. fluorescens R124.
We therefore considered the possibility that environmental stres-
sors may induce this phenotype and examined both nutritional
and environmental stress. Growth on 50% LB (high salt) did not
induce twitching, so we reduced the amount of carbon and energy
in the plate (a 1% medium of BHI or LB). These reductions did
not induce twitching motility; however, when we attempted to
starve the cells of iron using King’s B medium (36), a twitching
phenotype was observed, but it was lost when 100 mM Fe(III) was
added to the medium (data not shown), confirming the role of
iron in this phenotype. The results of this analysis are shown in
Fig. 6. Neither P. fluorescens Pf0-1 nor SBW25 demonstrated a TM
phenotype under the conditions tested, while P. aeruginosa PAO1
demonstrated TM under all conditions, consistent with its known
phenotype (58).

Given that the twitching P. fluorescens R124 genome shared the
same T4P orthologs with the nontwitching P. fluorescens Pf0-1
and SBW25 strains, we considered the possibility that a TM phe-
notype may be related to the T4P system identified on the pMP-
R124 plasmid. In order to determine if this is the case, we knocked
out the pMP-R124 plasmid to create the strain R124�pMP-R124.
This plasmidless strain demonstrated the same degree of twitching
motility as the wild-type strain (Fig. 6), suggesting that it is the
T4Pa genes on the genome that confer the twitching motility phe-
notype. We examined the clusters of homologous genes unique to
the twitching motility strains to identify possible genomic loci
encoding this twitching motility phenotype. However, there were
no clear candidates for the observed difference in TM phenotype,
and we anticipate that a more detailed phenotypic study and com-
parison of genomes may be required to identify them.

DISCUSSION

This study provides the genome and associated plasmid sequence
of a Pseudomonas isolate from a mineral environment, and only
the second for any microorganism isolated from a cave (15). By
comparing the cave-isolated P. fluorescens R124 genome with that
of previously sequenced P. fluorescens subgroup isolates, we aimed
to test whether the geologic environment or nutrient limitation of
the cave resulted in any phenotypic imprint on the organism. For
comparison, we used P. fluorescens Pf0-1 and SBW25 and P. pro-
tegens Pf-5, which were all isolated from nutrient-rich soil envi-
ronments. Two further P. fluorescens strains have since been se-
quenced (P. fluorescens F113 [59] and A506 [60]) but were not
included in our original comparative analysis.

The P. fluorescens R124 genome was sequenced using a Roche/
454 sequencer and assembled with 	1% gaps in the final se-
quence. We expect these gaps to remain difficult to resolve due to
repeats similar to those identified in previously sequenced P. fluo-
rescens genomes (7, 9). As a result of our efforts to close gaps both
manually through PCR amplification and Sanger sequencing and
by in silico methods, we believe that this genome does represent an
improved draft sequence being 
99% complete across 78 scaf-
folded contigs.

Our initial hypothesis was that nutrient limitation within the
cave environment would result in adaptation to reduce the size of
the P. fluorescens R124 genome, as reduced genome size and es-
sential element (P/N) costs would decrease the cost of DNA rep-
lication; however, the genome size and average gene count were
similar to those of other Pseudomonas genomes, suggesting that
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the encountered conditions have not affected genome size or gene
density.

We next questioned whether the geochemical conditions of the
cave (high in reduced metals such as iron, copper, and zinc) would
alter the metal-scavenging and/or protective mechanisms within
P. fluorescens R124 (61). We compared the genes related to metal
homeostasis against the reference genomes to examine whether
these metal homeostasis genes in P. fluorescens R124 may have

evolved or diverged under selective pressure for metal toxicity
given the abundance of iron [0.12% (wt/wt) Fe(III)] or other
heavy metals in the environment. Our analysis showed little se-
quence divergence across a number of metal-homeostasis sys-
tems, including iron, copper, nickel, cobalt, and cadmium, sug-
gesting that these systems are functionality adaptive across a
diverse set of environmental metal ion conditions. These genomic
data were supported by the similarity in metal toxicity levels for

FIG 5 Map of P. fluorescens pMP-R124 plasmid. Genes are shown in the green outer track and labeled using sequence similarity to database sequences where
possible. Inner tracks show regions of similarity to reference sequences and are color coded by type: the blue tracks represent plasmid sequences from
Pseudomonas syringae, the purple track shows alignment to the P. aeruginosa PA07 genome (52), and the orange tracks represent alignments to P. fluorescens
genomes. Amino acid identity to reference genes can be found in Table S9 in the supplemental material. The accession numbers used to generate the alignment
tracks are, from outer to inner, as follows: AY603979.1, CP000060.1, AY603980.1, CP000059.1, AY603982.1, CP000744.1, CP000076.1, CP000094.2,
AM181176.4, and AY887963.3.
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each of these strains (Fig. 4). One observable difference is the low
sequence similarity in a cluster of NRPS genes in P. fluorescens
R124 associated with siderophore export. This suggests that the
core siderophore synthesis and regulation pathways are conserved
but that either the siderophore structure itself has diverged or the
siderophore export machinery may have been adapted for the ex-
port of a novel lipopeptide, possibly an antibiotic (41, 42); while
this is an interesting finding, it is outside the scope of this study to
determine what these structural changes may be and how they
may have affected iron-scavenging mechanisms or lipopeptide
transport.

In addition to examining the genome for mutation and adap-
tation, we identified several possible genomic islands acquired by
horizontal gene transfer unique to P. fluorescens R124. Given the
metabolic flexibility of pseudomonads to degrade complex or-
ganic molecules in the environment, the acquisition of these genes
suggests that HGT may have expanded the cellular catabolic path-
ways to take advantage of presumably microbial detritus within
the system, allowing this organism to play a potentially important
role in carbon turnover. Indeed, in a number of cave systems,
geologic isolation has led to the evolution of microbial ecosystems
more dependent on chemolithotrophic energy generation and
bacterially derived carbon turnover than similar microbial sys-
tems in soils (62). Nonetheless, many of the genes in these
genomic islands had no annotated homologs in sequence data-
bases, suggesting that the full range of adaptations by P. fluorescens
R124 remains to be elucidated, an unsurprising finding given that
the sequencing of greater numbers of genomes reveals increas-
ingly greater numbers of gene families (63).

While the roles of many of the HGT genes found within the
genome have yet to be resolved, P. fluorescens R124 contained a
43-kbp plasmid that appeared to be formed from a recombination
event of two separate sequences originating from P. aeruginosa

and P. syringae. The largest fragment appears to encodes replica-
tion and transfer, while the second, smaller region contained a
cluster of type 4b pilin (T4Pb) genes, related to R64 liquid mating
specificity (54, 64). Initially we hypothesized that these pilin genes
may be responsible for the twitching motility phenotype observed
in P. fluorescens R124; however, plasmid curing did not result in
the loss of this phenotype, suggesting that TM is encoded by the
genome.

By comparing the TM phenotype across three P. fluorescens
strains, our analysis showed that only P. fluorescens R124 demon-
strated a TM phenotype in iron-limited medium. The require-
ment of iron limitation was confirmed by the fact that no twitch-
ing motility phenotype was observed in P. fluorescens R124 when it
was retested on the same medium with iron added. The P. fluore-
scens R124 TM phenotype on iron is in contrast to previous results
showing that P. fluorescens SBW25 produces an increasing TM
phenotype with the addition of FeCl3 (65).

The advantage a TM phenotype conveys in the cave environ-
ment may be related to its geologic nature: previous P. fluorescens
strains have been identified from the soil and rhizosphere, where
flagellum-mediated motility would allow these organisms to ex-
plore a three-dimensional environment in search of nutrients. In
contrast, within a cave, P. fluorescens R124 is limited to a two-
dimensional rock surface. As such, TM may be a more efficient
means of exploring a flatland, similar to the use of TM by other
pseudomonads to explore flat leaf (48) surfaces. The specificity of
iron to the P. fluorescens R124 TM phenotype further suggests that
the activity of this phenotype is driven in response to nutrient
limitation.

Together these analyses demonstrate that many gene systems
within P. fluorescens are conserved across radically different chem-
ical environments, suggesting flexibility of pseudomonad homeo-
stasis and nutrient pathways to accommodate a wide range of
environmental conditions. This, along with an apparent knack for
acquiring environmental genes that allow adaptation to changing
physical conditions, may explain why the pseudomonads have
been successful in many environments.
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